Global warming has accelerated glacial retreat in the high Arctic. The exposed glacier foreland is an ideal place to study chronosequential changes in ecosystems. Although vegetation succession in the glacier forelands has been studied intensively, little is known about the microbial community structure in these environments. Therefore, this study focused on how glacial retreat influences the bacterial community structure and its relationship with soil properties. This study was conducted in the foreland of the Midtre Lovénbreen glacier in Svalbard (78.9°N). Seven soil samples of different ages were collected and analyzed for moisture content, pH, soil organic carbon and total nitrogen contents, and soil organic matter fractionation. In addition, the structure of the bacterial community was determined via pyrosequencing analysis of 16S rRNA genes. The physical and chemical properties of soil varied significantly along the distance from the glacier; with increasing distance, more amounts of clay and soil organic carbon contents were observed. In addition, Cyanobacteria, Firmicutes, and Actinobacteria were dominant in soil samples taken close to the glacier, whereas Acidobacteria were abundant further away from the glacier. Diversity indices indicated that the bacterial community changed from homogeneous to heterogeneous structure along the glacier chronosequence/distance from the glacier. Although the bacterial community structure differed on basis of the presence or absence of plants, the soil properties varied depending on soil age. These findings suggest that bacterial succession occurs over time in glacier forelands but on a timescale that is different from that of soil development.
INTRODUCTION
It is expected that climate change in the Arctic region would be much greater than the other regions (IPCC 2013) . Climate change influences glacial ecosystems by affecting the advance and retreat of glaciers. Since the end of the Little Ice Age (LIA), glaciers have extensively retreated, and glacier foreland area has extended in the circumpolar region (Serreze et al. 2000) . Glacier forelands provide great opportunities to study chronosequential changes through space-for-time substitutions; since the distance from the glacier terminus is a proxy for soil age, samples using 454-pyrosequencing, they concluded that bacterial phylotype richness and evenness increased as soil age increased, and that the turnover rate of the bacterial species was high in the initial phase of succession, the period between 5 to 19 years following deglaciation (Schütte et al. 2010) .
Although various aspects of the Midtre Lovénbreen foreland have been studied, detailed information on the microbial community structure is still limited in this area. Moreover, the SOC fractionation which is to separate SOC depending on its lability and turnover time is one of the good approaches to study the sources and dynamics of SOC (Wander 2004) . However, details on SOC characterization in the glacier foreland have not been studied very well. Furthermore, the relationship between soil development and microbial succession has not been studied in the Midtre Lovénbreen foreland. Therefore, we investigated the bacterial community structure via pyrosequencing, and measured several soil parameters to determine their patterns of change and to elucidate their relationships with bacterial community structure in the Midtre Lovénbreen foreland.
MATERIALS AND METHODS

Study site and soil sampling
The study area is located in the glacier foreland of Midtre Lovénbreen, Svalbard (78.9°N, 12.0°E). A line transect method was implemented to acquire soil samples from the glacial foreland in 2011. We sampled soil in the area from the glacier front to the outer LIA glacial maximum at a depth of 0-5 cm from seven sites where plant species or coverage had distinctly changed (ML1-7; Fig.1 and Table 1 ). All sampling sites were flat. The sites were categorized into the following four groups: average age since glacial retreat of 10.5 years, 33 years, 66 years, and outside the glacier moraine (Table 1) . Three soil samples were collected from each site. For each sample, approximately 0.3 g of fresh soil was placed in RNAlater solution (Life technologies, Carlsbad, CA, USA) within 24 h of sampling and stored at 4°C for DNA extraction.
Physical and chemical analyses of soil
Gravimetric soil moisture content was determined by dividing the difference between fresh and dry soil weight by dry soil weight (24 h at 105°C). the area close to the glacier edge is regarded as young soil and vice versa (Huggett 1998 , Walker et al. 2010 . Numerous studies have focused on soil development and primary succession of vegetation and microbes in glacier forelands (Matthews 1992 , Wu et al. 2012 , Zumsteg et al. 2012 . However, most of the studies on proglacial succession have been conducted in subarctic and mountainous regions (Matthews 1992 , Schmidt et al. 2008 , Bernasconi et al. 2011 , Wu et al. 2012 . It has been proposed that the succession processes in the high Arctic may differ from those of other areas due to conditions such as low temperature, limited water and nutrient availability as well as the short growing season (Hodkinson et al. 2003) .
Midtre Lovénbreen is one of the high Arctic glaciers, where several studies on primary succession of plants have been conducted in the glacier foreland. Plant communities in this area have been mapped using field surveys and scanned infrared aerial photography (Nilsen et al. 1999a (Nilsen et al. , 1999b . In addition, Moreau et al. (2005) produced a detailed vegetation map showing that the stages of deglaciation and local conditions such as microtopography, microclimate, and runoff dynamics were important parameters for vegetation development. Hodkinson et al. (2003) studied vegetation and soil development in the Midtre Lovénbreen foreland. They observed that the soil was colonized initially by cyanobacteria, one of the major components of ground cover for the first 60 years after glacial retreat, and vegetation cover increased gradually. Hodkinson et al. (2003) also showed organic matter accumulation along the chronosequence in the Midtre Lovénbreen foreland. They concluded that trends of vegetation and soil development in the high Artic generally corresponded to those in other ecosystems but on a longer timescale. White et al. (2007) used pyrolysis-gas chromatography-mass spectrometry to characterize soil organic carbon (SOC) in the same sampling site as that used by Hodkinson et al. (2003) . They showed that SOC shifted from carbon signals derived from algae and animal to those from ligninaceous plants after 60-100 years of deglaciation. Schütte et al. (2009 Schütte et al. ( , 2010 conducted studies regarding the structure of microorganisms in the Midtre Lovénbreen foreland. Schütte et al. (2009) collected soil samples from the same sampling site used by Hodkinson et al. (2003) to study soil bacterial succession using Terminal Restriction Fragment Length Polymorphism (T-RFLP). Although it was difficult to determine a linear and predictable pattern of succession at the time of the study, they found that bacterial communities were distinctly grouped according to soil age. When they later reanalyzed the same soil tration of the soil suspension (soil:water = 1:5 [w/v]). Soil samples were ground to fine powder with a ball mill and sieved through a 250-μm sieve prior to analyzing total carbon (TC) and nitrogen (TN). The TC and TN contents in the soil samples were measured by the combustion method (950°C) using an elemental analyzer (FlashEA 1112; Thermo Fisher Scientific). The total inorganic carbon (TIC) content was determined by measuring the amount of CO 2 produced upon reaction of powdered soil samples with 42.5% phosphoric acid at 80°C using a CO 2 coulometer (CM5014; UIC Inc, Joliet, IL, USA). SOC content was calculated by determining the difference between the TC and TIC contents. Soil texture was analyzed after treating the soil samples with concentrated H 2 O 2 (34.5%). The percentage of sand particles was determined by wet-sieving, and the percentages of silt and clay particles were determined using a Micrometrics Sedigraph 5120 (Micromeritics, Norcross, GA, USA). Density-size fractionation of SOC was completed using sodium polytungstate solution and wet-sieving as follows. 10 g of soil was mixed with 30 mL of a sodium polytungstate solution (density 1.55 g/cm 3 ), and the floating materials (light fraction [LF]) were collected by filtration through pre-combusted GF/A filters (Paré and Bedard-Haughn 2011) . The remaining heavy fraction (HF) was mixed with a 0.5% sodium hexametaphosphate solution, dispersed via 18 h of shaking, and passed through a 53-μm sieve. The physical fractionation scheme, which was modified by Six et al. 2002 , was as follows: materials larger than 53 μm comprised the sand plus intra-aggregate particulate organic matter (sand + iPOM) fraction, and those smaller than 53 μm comprised the mineral-associated SOC (mSOC) fraction. All fractions were dried at 45°C and weighed. The amount of sodium (Thomas 1996) , and soil electrical conductivity (Orion TM Star A215; Thermo Fisher Scientific) was measured from the soil extract obtained by fil- plicons were mixed in a single tube. DNA samples were sequenced using a GS FLX Titanium System (454 Life Sciences, Roche Applied Science, Penzberg, Germany). The amount and purity of extracted genomic DNA for samples from sites ML1, ML2, and ML5 were low, thus PCR amplification was not successful. Therefore, the samples from ML3, ML4, ML6, and ML7 were used for the subsequent steps.
Quality control, phylogenetic assignment, alignment, and clustering of sequences An average of 7,000 sequences was obtained from each sample by 454-pyrosequencing. The sequences, which were contained in three standard flowgram format files (Schloss et al. 2009 ), were sorted into groups by sequence identifiers. The sequences from the raw data were trimmed to a targeted fragment using PyroTrimmer (Oh et al. 2012 ) and aligned using CLUSTOM (Hwang et al. 2013 ) at a threshold of 97% sequence similarity. Potential chimeras were identified using UCHIME and removed prior to further analysis. Each sequence was then assigned a phylogenetically consistent taxonomy based on its most closely related sequence. The assignment of sequences to operational taxonomic units (OTUs) was carried out using data from EzTaxon-e (Kim et al. 2011b) . Sequence taxonomy assignments were made using RDP classifier (Release 10.4), with a threshold of 80%. The 51 most dominant Acidobacteria sequences were divided into 3 groups (Group 4, 6, 7). The sequences were further divided into 26 subgroups (Hugenholtz et al. 1998 ).
Statistical analysis
Prior to statistical analysis, the normality of data and constant variance of errors were examined. Data for soil physical and chemical properties were analyzed by oneway ANOVA (variable: site; R Development Core Team 2011). When significant differences were observed (P < 0.05), Tukey's test was used to separate the mean differences as a post-hoc analysis. All physical and chemical properties of soil were used for principal component analysis (PCA) to observe site characteristics.
To investigate changes in phylotype diversity, the richness estimators Chao1 and ACE and the Simpson and Shannon diversity indices were calculated using MOTHUR (Bunge and Barger 2008) . Bacterial community composition along the chronosequence was calculated statistically with PRIMER6 (Primer-E Ltd, United Kingdom) using Bray-Curtis similarity.
hexametaphosphate contained in the mSOC fraction was corrected. The sand + iPOM and mSOC fractions were acid-washed with 1 M HCl to remove TIC and then ground to a fine powder to analyze TC and TN. To determine the characteristics of SOC, 13 C nuclear magnetic resonance spectroscopy (NMR) analysis was performed on four samples in total: the LFs from ML4, ML6, and ML7 and the mSOC fraction from ML7. It was difficult to conduct 13 C NMR analysis for the other samples because they contained low concentrations of C.
13
C cross polarization/ magic angle spinning NMR spectra were acquired on a 400 MHz Avance II+ Bruker Solid-state NMR spectrometer (Bruker Corporation, Billerica, MA, USA) at the Korea Basic Science Institute, Daegu, Korea. NMR peak areas were divided into four regions according to the following chemical shift limits: 0-45 parts per million (ppm; alkyl-C), 45-110 ppm (O/N-alkyl C), 110-160 ppm (aromatic C), and 160-220 ppm (carboxyl C) (Baldock et al. 1992 , Kögel-Knabner et al. 1992 .
DNA extraction
For each soil sample, total genomic DNA was extracted from 0.3 g of soil using commercially available DNA extraction kits (FDS-FastDNA ® SPIN Kit for Soil; MP Biomedicals, Santa Anna, CA, USA) (Vishnivetskaya et al. 2014) . All DNA extracts were stored at -20°C.
Amplification and 454 pyrosequencing
The hypervariable V1-V3 region (484 bp) of bacterial 16S rRNA was amplified from genomic DNA using the conserved primers 27f (5′-AGAGTTTGATCMTGGCTCAG-3′) and 519r (5′-GWATTACCGCGGCKGCTG-3′), which included a unique sequence tag to barcode each of the samples (Kim et al. 2011a ). The 16S rRNA gene was amplified using a Thermocycler (Whatman Biometra 96-well PCR system; Biometra, Göttingen, Germany) with the following program conditions: 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C for 25 cycles, followed by a final extension at 72°C for 10 min and subsequent cooling to 4°C. To ascertain the specificity of the PCR amplification, a negative control (PCR mix without DNA template) was included. The sizes of the PCR products were confirmed by electrophoresis on 1% agarose gels. The concentrations of the amplicons were estimated using a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA). Amplicons were purified using a PCR product purification kit (Labopass TM Gel; Cosmo Genetech, South Korea), and equal amounts of all am-taken from ML1-ML5 were generally different from those taken from the older sites, ML6 and ML7. The soil moisture content was as high as 15-30% in the samples from ML1, ML2, and ML3 but low in other sites (Table 2) . Soil pH was mostly greater than 8.0 in the area close to the glacier but significantly lower in ML6 and ML7 (Table 2) . Soil EC in ML1, ML2, ML3, and ML5 was significantly higher than that observed at the other sites (Table 2) . Across all the sites, sand particles were predominant, and clay was the least abundant (Table 3 ). There were no significant differences among the sites in terms of the percentage of sand and silt particles, but the clay content in ML6 and ML7 was significantly higher than at the other five sites (Table 3) . Soil from ML1 to ML5 was classified as sandy loam, and soil from ML6 and ML7 was classified as loam. There were trends indicating an increase in TC, SOC, and TN concentrations with increasing distance from the glacier, but the differences were not statistically significant among ML1-ML5 (Table 4 ). The SOC concentration was the highest in ML7 (2.8%), followed by that in ML6. The TIC and CaCO 3 concentrations were significantly higher
RESULTS
Vegetation distribution
Vegetation distribution along the chronosequence in the Midtre Lovénbreen glacier foreland showed a sequential change in the species composition (Table 1) . The number and cover of plant species increased with increasing soil age except at ML5. ML1 and ML5 contained bare soil, and 40% of soil surface was covered with green algae and cyanobacteria in ML2. The surface of ML3 was partially covered (5%) with biological soil crust. Saxifraga oppositifolia was first observed, and its coverage was 10% in ML4. The coverage of Salix polaris was 20% in ML6. Diverse vascular plants such as S. polaris and Silene acaulis covered 40% of ground in ML7, which was located outside the glacier moraine.
Physical and chemical properties of soil
The physical and chemical properties of soil samples other sites. The SOC concentrations in the LFs showed an increasing trend with soil age, while the TN concentrations and C/N ratios in the LFs were not statistically different among sites (Table 6 ). The SOC and TN concentrations in the sand + iPOM and mSOC fractions were not different among ML1-ML5, but ML6 and ML7 had significantly higher SOC and TN concentrations than the other sites.
13
C NMR spectroscopy did not reveal large differences among the LFs from ML4, ML6, and ML7 (Fig. S1 a-c) . On the other hand, chemical compositions of the mSOC fraction were greatly different from those of the LFs (Fig. S1  c, d ). The O/N-alkyl ratio (45-110 ppm range) was more than 50% in the LFs, compared to the mSOC fraction at the sites affected by the glacier (ML1-ML6) than in ML7. The carbon-to-nitrogen (C/N) ratio tended to increase with the soil age and was the highest in samples from ML4 and ML6. The C/N ratio at ML1 was 7.1, which was significantly lower than that at ML7.
Density fractionation showed that all the samples contained very small quantities of the light fraction (LF). Like the concentration of SOC, the amount of LF increased along the chronosequence with increasing distance from the glacier: the LF ratio was about 0.3% in ML1-ML5 but rose to 2-3% in ML6 and ML7 (Table 5 ). In case of the heavy fraction (HF), weight-based percentage of the sand + iPOM fraction was significantly lower and the mSOC fraction was significantly higher for ML6 and ML7 than Different lower case letters among sites indicate significant differences at P < 0.05. C/N ratio, carbon-to-nitrogen ratio. LF, light fraction; sand+iPOC fraction, sand plus intra-aggregate particular matter fractions; mSOC fraction, mineral-associated soil organic carbon fraction. Different lower case letters among sites indicate significant differences at P < 0.05.
soil organic matter components, and PC 2 was related to the C/N ratio in each fraction, EC, and moisture content. Score plots showed that the three replicates from each site clustered (Fig. 2) , showing that the variability within sites was less than variability among sites. ML3, ML4, and ML5 were located on the left side of PC1, whereas ML6 and ML7 were located on the right side of PC1.
which was approximately 30%. In the mSOC fraction, the proportion for aromatic C (110-160 ppm) and carboxyl C (160-210 ppm) was as high as 30% and 22%, respectively (Table 7) . PCA results showed that principal component (PC) 1 and PC 2 explained 54.2% and 15.0% of data variability, respectively. Thus, in total, 70% of variability was explained by two principal components. PC 1 was closely related to LF, light fraction, C/N ratio, carbon-to-nitrogen ratio; sand+iPOC fraction, sand plus intra-aggregate particular matter fractions; mSOC fraction, mineralassociated soil organic carbon fraction. Different lower case letters among sites indicate significant differences at P < 0.05. ns, not significantly different. similarity of 97%. Rarefaction curves from resampled sequences based on the lowest sequence readout (1,228 reads from the ML3 soil sample) revealed that bacterial diversity in all the sites increased with time (ML3 < ML4 < ML6 < ML7; Fig. S2 ).
The diversity indices at 97% sequence similarity, reflecting the overall soil bacterial community patterns along the glacier chronosequence, are shown in Table 8 . When soil samples from ML3 and ML7 were compared, the difference in phylotype richness (i.e., number of OTUs) was approximately 323. Since the richness estimators Chao1 and ACE, and the Shannon diversity index are affected by the sequence read count, bacterial diversity was found to have increased over time ( Table 8) .
The relative abundance of bacterial communities at the phylum level showed a high proportion of Proteobacteria and Actinobacteria in all samples and the highest proportion of Cyanobacteria in the early stage of glacier recession (Fig. 3) . The bacterial community in ML3 (20-years-old) soil was composed of Cyanobacteria (22.7%), Proteobacteria (22.0%), Actinobacteria (21.0%), Bacteroidetes (15.6%), and Firmicutes (9.4%). The relative abundance of Cyanobacteria was dramatically reduced in ML4. In ML4, Proteobacteria (25.2%), Actinobacteria
Bacterial diversity and community structure
Species diversity in soil samples was assessed by determining the number of OTUs with a threshold sequence dition, various other OTUs mostly belonging to the phyla Actinobacteria, Acidobacteria, and Alphaproteobacteria were observed in these two sites.
The bacterial community was classified into two clusters based on 70% Bray-Curtis similarity; cluster 1 included ML3, and cluster 2 included ML4, ML6, and ML7 (Fig. 5a ). The two clusters of the bacterial community were divided depending on the abundance of Cyanobacteria (Fig. 5) . On the other hand, bacterial community was grouped into three clusters based on the Bray-Curtis similarity index, using a threshold value of 80%: cluster 1 for ML3, cluster 2 for ML4, and cluster 3 for ML6 and ML7 (Fig. 5b ). Cyanobacteria were highly represented in cluster 1; cluster 2 mainly consisted of Firmicutes; and cluster 3 had a high proportion of Chloroflexi and Acidobacteria.
DISCUSSION
Vegetation succession in the glacier foreland
Vegetation distribution along the chronosequence in this study site generally followed the previously reported pattern of plant establishment in the Midtre Lovénbreen foreland (Nilsen et al. 1999b , Moreau et al. 2008 . S. oppositifolia was first observed in ML4, where deglaciation had occurred between 1996 and 1999. S. oppositifolia, one of the pioneer species found after glacier retreat (Kume et al. 2003) , had occurred all over the Midtre Lovénbreen foreland regardless of soil age (Moreau et al. 2008) . S. polaris was found in ML6, where deglaciation had occurred between 1936 and 1966. S. polaris and S. acaulis were found in ML7. Moreau et al. (2008) had previously reported that the colonization of S. polaris and S. acaulis greatly increased after 70 and 100 years of deglaciation, respectively.
(25.0%), Firmicutes (14.8%), and Chloroflexi (7.3%) were the most prevalent. In ML6, Proteobacteria (25%) and Actinobacteria (20%) were also present with Chloroflexi and Acidobacteria found in equal proportions (both 11%). In ML7, which was unaffected by the glacier, the bacterial community was composed of Proteobacteria (28%), Actinobacteria (25%), Acidobacteria (10%), and Chloroflexi (10%).
The subdivisions within the bacterial community were examined by performing a heat map analysis at the level of OTUs (Fig. 4) . A representative 3% of the 2,116 OTUs were analyzed. In ML3, the abundant OTUs were OTU-3 (22.3%) and OTU-5 (17.0%). OTU-3 and OTU-5 showed the highest similarity with Oryzihumus species in Actinobacteria and Pseudanabaena tremula of the order Oscillatoriales in Cyanobacteria, respectively. OTU-40 (6.5%) was also abundant, which had 97% similarity with Trichormus variabilis of the order Nostocales in Cyanobacteria. In ML4, OTU-1 that showed 92% similarity with the sequence of Bacillus pseudalcaliphilus in Firmicutes was most frequently found (37.6%), and OTU-2 and OTU-3 belonging to Oryzihumus were also abundant. In ML6 and ML7, OTU-4 belonging to Acidobacteria was detected at a high rate (≥10%), which was derived from cultureindependent, environmental clone library surveys. In ad- (Table 4) . Therefore, the increase in the SOC content in the mSOC fraction from ML6 indicates the association of SOC with mineral particles and the humification processes that took place following deglaciation. The organo-mineral associations would have led to an increase in cation exchange capacity (Matthews 1992) , and the associated SOC would have different chemical characteristics depending on the major carbon sources present during the initial soil formation (Dümig et al. 2012 ).
ML1-ML5
13
C NMR spectroscopy of the LF in ML4, ML6, and ML7 showed that the quality of organic matter did not differ by plant species (Table 7) . As vascular plants were growing in ML4, ML6, and ML7, plant litter would have been a main component of the LFs in these sites. On the other hand, when comparing 13 C NMR spectroscopy between the LF and mSOC fraction for the site ML7, the proportion of the O/N-alkyl groups was less in the mSOC fraction than LF despite the similar proportion of alkyl-C groups between two fractions. While the O/N-alkyl group is a labile form of carbon and characteristic of carbohydrates, the alkyl-C is associated with recalcitrant waxy compounds and microbial-derived lipids (Baldock et al. 1992 , Kögel-Knabner et al. 1992 , Sohi et al. 2005 , Marín-Spiotta et al. 2008 . Marín-Spiotta et al. (2008) reported that the proportion of O-alkyl groups decreased and the proportion of alkyl-C groups increased as plant materials were transformed to SOC through decomposition. Therefore, the higher O/Nalkyl ratio in the LF than the mSOC fraction well represented the labile characteristics of LF.
Change in bacterial diversity and community structure along the glacier chronosequence Bacterial diversity was found to have increased over time (Table 8 ). This result corresponds to a general change in bacterial diversity as soil developed in the glacier foreland, as has been observed in previous studies (Nemergut et al. 2007 , Schütte et al. 2009 , Jangid et al. 2013 . Simpson's index ranges from zero for heterogeneity to one for homogeneity (Wu et al. 2012 ). Simpson's index for ML6 and ML7 was zero, but for the other two sites, it was greater than zero (Table 8) . Therefore, all diversity indices indicated that the diversity of the bacterial community in the glacier foreland increased and that the characteristics of the foreland ecosystems changed from homogeneous to heterogeneous as succession proceeded (Schütte et al. 2009 , Wu et al. 2012 .
Cyanobacteria were the predominant phylum in the early period following glacier recession (Fig. 3) . Among Cyanobacteria, Nostocales and Oscillatoriales were domi-
Soil development in the glacier foreland
Changes in soil properties in Midtre Lovénbreen foreland became obvious after 45-75 years since deglaciation. Several soil parameters related to soil development such as soil pH, clay and SOC contents, and amount of LF were significantly different between ML1-ML5 and ML6 sites (Tables 2-5 ). Moreover, soil pH, SOC and LF contents in ML6 were significantly different from those in ML7. These patterns were reflected in the distribution of study sites on the score plot by PCA (Fig. 2) ; ML1-ML5 were gathered on the left side of PC1, and ML6 and ML7 were distinctly grouped on the right side of PC2.
Soil pH decreased as soil age increased (Table 2) . It is quite common to observe decreases in soil pH with soil age in glacier foreland chronosequences. Young soil contains a relatively low amount of organic matter and clay minerals, and thus base leaching could be enhanced under low cation exchange capacity (Matthews 1992) .
While the percentages of sand and silt were not significantly different across all sites, ML6 showed significantly increased clay content (Table 3) . Soil textural changes across the chronosequence in the glacial moraine are not always apparent (Jacobson and Birks 1980, Bernasconi et al. 2011 ) but can be relatively rapid when cryogenic and aeolian processes occur (Matthews 1992) . The presence of vegetation cover can also influence soil texture by facilitating aeolian deposition (Matthews 1992) . Consequently, the rate of change in soil properties following glacier retreat can vary widely depending on climate factors or other influences (Messer 1988) .
Density-size fractionation of SOC showed that the proportion of LF in this study site was very low compared to the values reported from other high Arctic sites (Table 5) ; the LF was reported to be approximately 18% in Troulove, Canada (Paré and Bedard-Haughn 2011) and 7% in other sites in Svalbard (Jung et al. 2014) . The low amount of LF might be attributed to low vegetation cover and the short period since deglaciation for vegetation establishment. The sand plus intra-aggregate particulate organic matter (sand + iPOM) fraction significantly increased in ML6 (Table 5 ). Since the sand + iPOM fraction included the particulate organic matter occurring within aggregates (Six et al. 2002) , we could infer that the aggregation became an important mechanism for SOC protection after average 60 years of deglaciation. Although the mSOC fraction could contain relic organic carbon, assuming that all glacier-affected areas had started from the same initial conditions, the quantity from relic carbon would be less than 0.4%, which was the highest SOC content found in
Differences between bacterial community succession and soil development
Our results showed a discrepancy between the changes in soil characteristics and bacterial succession along the chronosequence. The bacterial community of this area seemed to be influenced more by plants than by soil properties. The bacterial community was classified into two clusters based on 70% Bray-Curtis similarity depending on the presence of plants. While ML3 was the only component in cluster 1 with a high abundance of Cyanobacteria, cluster 2 was composed of ML4, ML6, and ML7 where vascular plants were established (Fig. 5a ). In contrast, soil characteristics were not different between ML3 and ML4, but they were significantly different from soil properties in ML6 and ML7 (Tables 2-5 ). The presence of plants had a great influence on the microbial community structure (Miniaci et al. 2007 , Walker et al. 2010 , Philippot et al. 2011 , Knelman et al. 2012 , showing that the bacterial community would change via interactions with plant species as vegetation cover was established (Wallenstein et al. 2007 ). In case of soil, the quantity of root exudates or plant litter would be very small, and the decomposition rate would be faster in young soils (Esperschütz et al. 2011) . Therefore, the contribution of plant material to SOC would be minor in the early stages of succession. The fact that soil development appears to require more time than bacterial community change could account for the observed discrepancy between soil properties and bacteria distribution.
In addition, although SOC contents between ML6 and ML7 were significantly different, there were no differences in bacterial community composition between the two sites despite a great age difference (Tables 1, 4) . The bacterial community in ML6 and ML7 was grouped into the same cluster based on the Bray-Curtis similarity index, using a threshold value of 80% (Fig. 5b) . In addition, diversity indices and the number of OTUs did not differ between ML6 and ML7 when phylotype richness (OTU) was compared at the threshold of 97% similarity (Table 8) . In contrast, ML6 and ML7 were separated into two distinct groups when soil characteristics were analyzed by PCA (Fig. 2) . Schütte et al. (2010) found that the turnover rate of the bacterial community in the Midtre Lovénbreen foreland was approximately 7% per year for the first 14 years following glacier retreat and then decreased to approximately 0.7% per year by 100 to 150 years. The study from Tianshan No. 1 glacier foreland in China also showed that the turnover rate tended to decrease over time. Jangid et al. (2013) suggested that bacterial community dynant in the ML3 site (Table 3) . Turicchia et al. (2005) also found that Nostoc spp. were abundant after 5 years and 19 years of glacier recession in the Midtre Lovénbreen foreland. Cyanobacteria are autotrophic organisms that use light energy. Cyanobacteria can play a crucial role in ecosystem development, particularly in oligotrophic environment like glacial foreland, because they can fix carbon and nitrogen (Schmidt et al. 2008 , Schulz et al. 2013 ). Carbon and nitrogen are necessary for the settlement of other heterotrophs and plants. Cyanobacteria can also stabilize soil through producing exopolysaccharides (Schmidt et al. 2008 , Schulz et al. 2013 ). There are several reports on the dominance of Cyanobacteria in the early stage of primary succession as well as near glacier fronts in the Arctic (Turicchia et al. 2005 , Brankatschk et al. 2011 , Schulz et al. 2013 . Thus, the fact that Cyanobacteria were found in the highest abundance in ML3 is consistent with other findings.
The abundance of Bacillus spp. was highest in ML4 and ML3 (37.6% and 9.8%, respectively) (Fig. 3) . Bacillus can exist under extreme conditions as endospores (Reddy et al. 2008) . Jangid et al. (2013) also reported that the phylotype of a Firmicutes-related gene was dominant in the early stages of glacier recession in the Franz Josef glacier foreland. Thus, our observation of the predominance of Bacillus in the early stages of succession was consistent with that from the previous study.
The soil characteristics and bacterial community structure had changed along the chronosequence; the abundance of Acidobacteria increased, the proportion of Actinobacteria decreased, and soil pH decreased (Fig. 3 and Table 2 ). There have been numerous studies showing that soil pH influences bacterial community composition Jackson 2005, Knelman et al. 2012) . Lauber et al. (2009) demonstrated in a continental scale study that whereas Acidobacteria were abundant in soil with a low pH (4-6), Actinobacteria were abundant in soil with a high pH (6.7-8.9). Although the range of the soil pH was not wide in this study area, the abundance of Actinobacteria was higher in ML3, where the soil pH was 8.2, and Acidobacteria were more abundant in ML6 and ML7, where the soil pH was 7.5-8.1 (Fig. 3 and Table 2 ). In addition, we tried the RDP ver. 10.4 classifier to classify our Acidobacteria DNA sequences into Acidobacterial subgroups. Most of them were classified into subgroup 4, 6, and 7, which were more abundant in higher pH (pH 6.0-8.5) (Jones et al. 2009 ). Therefore, the dominance of Acidobacteria in the pH range of 7.5-8.2 of our study site was consistent with the results from Jones et al. (2009) . namics were well correlated with pedogenesis in the early stages of succession but remained constant regardless of soil development during the advanced stages of ecosystem development. Similarly, our results showed that the bacterial community composition remained stable in the later stages of succession. However, the reason for this phenomenon is still not clear.
CONCLUSION
In this study, we showed bacterial community structure and soil characteristics along the chronosequence of the Midtre Lovénbreen glacier foreland. Climate warming has accelerated the glacier retreat and exposed rapidly the hidden ground below the glacier. In this newly exposed land, the SOC accumulation would be initiated by the settlement of various bacterial groups before plant colonization. Moreover, the bacterial community seemed to be influenced by the presence of plants rather than soil development. Therefore, if the kinds and the colonization rate of plant species have been changed due to climate warming, the bacterial community succession would also be influenced.
In addition, the glacier foreland contained various microtopography and has been influenced by several disturbances. Therefore, plant colonization is not uniform and spatially very heterogeneous in the glacier foreland. The limited number of samples would not completely cover spatial variability and prevent an elucidation of general trends of changes in bacterial community and soil development. The heterogeneity of the study area should be considered for the interpretation of the results. However, this is a worthwhile preliminary study showing that the bacterial community composition and soil properties changed with soil age. We also showed that the patterns/ time scale of bacterial succession and soil development were different. Accordingly, to elucidate further relationship between bacterial succession and soil development, it will be necessary to conduct additional studies using more samples. Number of OTUs Number of sequences
